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Introduction
Following the observations in the early 60's that certain organic salts of the 7,7,8,8-tetracyanoquinodimethane (TCNQ) radical anion show electrical conductivity 15 approaching that of bulk metals, 1,2 the field of charge-transfer (CT) complexes and the chemists' ability to develop efficient conductive organic complexes has become one of the cornerstone goals of modern chemistry. 3, 4 TCNQ is a planar organic molecule with D 2h symmetry (see Fig. 1 ) and has a conjugated 20 -system, which, together with the cyano groups, leads to a high electron affinity. In the condensed phase, TCNQ based CT salts owe their high conductivities to a - stacking motif, resulting in the spatial and energetic overlap between their respective -orbitals. This is exemplified by the complex of 25 the tetrathiofulvane (TTF) radical cation and the TCNQ radical anion, which is commonly regarded as the benchmark CT complex. 5 At a temperature of 66 K it possesses a conductivity of 1.47×10 4  -1 cm -1 , approaching that of copper at room temperature (6×10 5  -1 cm -1 ) and for this reason the 30 term "organic metal" has become widely used to describe these highly conductive organic salts. 6 TCNQ based complexes remain at the focus of much ongoing interdisciplinary research and there has been a large amount of effort invested into the derivatisation of complexes 35 such as TTF-TCNQ with the aim of increasing their conductivities to that of bulk metals. 6, 7 This includes, for example, the covalent linking of donor and acceptor molecules for application to high efficiency solar cells. 8, 9 To date, enhancing the conductive properties of these complexes 40 has proved to be somewhat empirical. Additionally, salts of TCNQ -with alkali metal cations possess interesting spin lattice properties at low temperatures (<66 K), 10 causing a dramatic conductor to insulator transition. More generally, molecules derived from TCNQ have found wide ranging 45 applications in, for example: non-linear optics, 11 liquid crystal displays 12 and organic light-emitting devices. 13 Despite the broad interest in TCNQ complexes, it is rather surprising that there are virtually no experimental studies into the electronic structure and relaxation dynamics of the 50 fundamental TCNQ -building block. Here we report the photoelectron spectrum of the isolated TCNQ radical anion at 3.1 eV, which provides insight into the structure of the anion and the neutral. Furthermore, we study the ultrafast relaxation dynamics of photo-excited TCNQ -, yielding molecular level information about the flow of energy in the molecule. The detailed knowledge of the molecular and electronic structure, as well as relaxation dynamics gained through such experiments, are prerequisites to further our understanding of not only the CT mechanism, but to ultimately guide the development of new CT complexes and other novel materials 70 based on TCNQ.
The electron affinity of TCNQ has been determined to be 2.8 ± 0.1 eV 14 through collisions of neutral TCNQ with fast caesium atoms. The gas-phase photodetachment spectrum, recorded by Brauman and co-workers, reveals strong 75 absorptions around 3.1 eV and 1.2 eV, 15 and the spectrum closely resembles the absorption spectrum of TCNQ -in solution. 16 The lower energy band is a broad feature (1. photoelectron imaging of the isolated radical anion which, as well as measuring the outgoing electron's kinetic energy, also measures its direction relative to the detachment laser polarisation, providing access the photoelectron angular distributions. In its time-resolved variant, the molecule of 40 interest is excited using an ultrashort pump laser pulse and subsequently, the electron is removed using a second ultrashort probe pulse, which projects the dynamically evolving system onto correlated final states of the neutral. In general, photoelectron spectroscopy has relaxed selection 45 rules. However, final states must be accessible within Koopmans' theorem, which argues that the electronic configuration of the initial state following photodetachment must not change when accessing the final state. 22, 23 In the specific case of TCNQ -, the neutral state that TCNQ will be 50 left in, is determined by the electronic structure of the anion state from which the electron is removed. The methodology and application of time-resolved photoelectron spectroscopy has recently been reviewed.
23,24

Experimental
55
A detailed description of our experimental apparatus will be presented elsewhere and only an overview is given here. ion-laser interaction. These additional regions house ion beam steering and ion focusing optics. The anion mass spectrum is monitored using a pair of multi-channel plates (MCPs). The mass spectrum is dominated by a single peak at m/z = 204 amu consisting of approximately 10 3 ions per packet.
80
Laser pulses are derived from a commercial femtosecond laser system (Spectra-Physics, Spitfire XP-Pro). The fundamental at 795 nm (1.5 eV) is used as a pump in timeresolved experiments and has an associated bandwidth of ~30 nm (~60 meV). Probe pulses are generated by frequency 85 doubling in a type-I Beta-Barium Borate (BBO) crystal. The 398 nm (3.1 eV) pulses are delayed relative to pump pulses using a motorised delay stage (Physik-Instrumente M-505) before being recombined and sent unfocussed into the vacuum chamber through a 1 mm CaF 2 window. The polarisation of 90 the light was set parallel to the electron detector and pulse energies of the pump and probe are typically 120J/pulse and 70 J/pulse, respectively. The power densities of both pulses are on the order of ~1×10 10 W cm -2 and the temporal width of the pulse pair is determined to be ~120 fs from their cross-95 correlation in a second BBO crystal.
Photoelectrons are collected using a velocity-map-imaging (VMI) arrangement oriented perpendicularly to the ion beam. 28 The velocity (speed and angle) of the emitted electrons are focused onto a plane, where a position-sensitive 100 detector is placed. In our implementation, the VMI arrangement consists of two -metal electrodes and a -metal shielded resistive glass tube (Photonis), producing a smooth electric field gradient between the extractor and the grounded electron detector. The position-sensitive detector consists of a 105 pair of MCPs coupled to a phosphor screen (Photek Ltd., VID240). As the amplified electron signal impacts the phosphor screen, light is emitted and collected using a CCD camera (Basler A312f). Raw photoelectron images are typically collected over 10 5 laser shots. Photoelectron spectra 110 (PES) are obtained by subtraction of the azimuthal contribution to the raw image using the polar onion-peeling routine developed in our group, 29 and are calibrated using the well-known PES of Iodide at 266 nm. The energy resolution of the VMI spectrometer was measured to be E/E ~ 5 % or is 
Results and discussion
Photoelectron spectrum of TCNQ -at 3.1 eV
The photoelectron spectrum (PES) of the TCNQ radical anion 10 following detachment at 3.1 eV is presented in Fig. 2 Albeit a small contribution, this core-excited configuration correlates to the T 1 ( 3 B 1u ) excited state in the neutral following detachment from the 1* (3b 2g ) orbital and we assign the 2.0 eV feature to this process. It is important to 40 note that this core-excited contribution to the D 2 state does not correlate to the S 0 neutral ground state in Koopmans' picture and thus the excess electron does not undergo autodetachment. The measured 2.0 eV provides an estimated energy of ~1.4 eV for the highly spin-forbidden T 1 ← S 0 45 transition. In an attempt to verify this value, we have measured the absorption spectrum of neutral TCNQ using spectroelectrochemical analysis. However, this shows no absorption in this spectral region indicating that the T 1 ← S 0 transition is optically dark, as expected for a spin-forbidden 50 transition.
The feature around 2.0 eV is much broader than the feature at 0.2 eV. The narrow width of the latter suggests that the potential energy surfaces associated with the D 2 and S 0 are similar and hence, there is little vibrational energy transfer to 55 the neutral following excitation. This is supported by theoretical calculations which suggest that the D 0 , D 2 and S 0 all have similar geometries. 19 The lack of major geometric change in going from D 0 to D 2 states is reinforced by the relatively narrow peak at 3.1 eV in the absorption spectrum. 19 Interestingly, the T 1 state geometry is very similar to that of the D 1 . This is 70 evidenced by the PES observed in our time-resolved experiments below.
The integrated intensity of the broad 2.0 eV feature is similar to that of the sharper feature at 0.2 eV, which contradicts the prediction that only a small contribution of the 75 D 2 state is of the core-excited  1 1* 2 character. 15, 19 However, this is not a true reflection on the state contributions, as the cross-section for photodetachment to the T 1 state relative to the S 0 state may be different. Based on our time-resolved spectra discussed below, the cross-section for 80 photodetachment from the  1 1* 2 configuration to the T 1 state is observed to be comparatively large and can explain the large intensity observed in the 2.0 eV feature. Before the excited state is prepared (t < 0), the PES is identical to that in Fig. 2 . The pump does not induce any resonance-enhanced two-photon detachment because the D 1 10 state does not correlate to the S 0 neutral state. This is in contrast to the absorption spectrum measured by Brauman and co-workers, who used a continuous light source. 15 In these experiments a second photon could be absorbed after the excited state has relaxed through internal conversion, 15 producing vibrationally highly excited D 0 ground state. Excitation from the hot D 0 state does correlate to the S 0 and hence, TCNQ -losses its excess electron. In our case, the excitation pulse is short, such that there is insufficient time for the excited state to undergo internal conversion before 20 absorbing a second photon. When pump and probe pulses are temporally overlapped, t = 0, a large increase in photoelectron signal is observed at 0.2 eV. Additionally, the feature at 2.0 eV is depleted. The latter is a direct measure of the D 0 state population as the only 25 process that can produce photoelectrons at this energy is resonance-enhanced two-photon detachment via the D 2 state. Depletion in this feature indicates that some population has been transferred from the ground state to the excited state. The new feature around 0.2 eV is assigned to the detachment 30 of the excited D 1 state to the T 1 state of the neutral, with which it is correlated in Koopmans' picture. The observed kinetic energy around 0.2 eV is obtained by subtracting the detachment energy and the S 0 to T 1 energy gap from the total photon energy absorbed. At long time, t = 5 ps, the PES indicates that the excited 40 state population has decayed, while a recovery in the ground state is observed.
Exploring the dynamics in further detail, Fig. 4 shows the integrated intensities of the excited and ground state features over the spectral ranges of 0.15 to 0.40 eV and 1.65 to 2.25 45 eV, respectively. The mirrored dynamics signify that population is transferred from the excited state directly to the ground state, and thus suggests that internal conversion is being observed. We also point out that the excited state feature at 0.2 eV is convoluted with some signal arising from 50 the ground (D 0 ) state, which will also recover with time. However, because of the relatively large cross-section for detachment from the D 1 state (D 1 → T 1 + e -), the dynamics of the ground state contributing to this feature cannot be discerned from the D 1 state dynamics. 55 The integrated intensity of the ground state peak as a function of pump-probe delay (Fig. 4a, open diamonds) can be fitted using a single exponential function convoluted with the Gaussian instrument response function. The latter describes the temporal cross-correlation of the pump and probe laser 60 pulses. Prior to convolution, the exponential fit function f(t) has the form
where A 1 is the amplitude of the exponential and  corresponds to the lifetime to the D 1 excited state. The 65 constants C 0 and C 1 represent a measure of the initial (t < 0) and final (t >> 0) ground state populations, respectively. C 1 is observed to be less than C 0 , suggesting that not all the population has recovered and will be discussed later. The fit, shown in Fig. 4a as a solid black line, yields a measured 70 lifetime of 640 ± 50 fs for the ground state population recovery. The excited state peak dynamics displayed in Fig. 4b as open circles, could also potentially be described by a single exponential fit function. However, such a description does not 75 capture the apparent reduced decay rate around 1 ps. Given the broad bandwidth of the pump pulse, a coherent superposition of vibrational levels may be excited, leading to coherent nuclear motion of TCNQ -on the D 1 state. Evidence for nuclear motion can be extracted from the time-resolved PES, which show a small red shift of ~10 meV in the 5 photoelectron peak position at ~500 fs. To account for such dynamics, we have included a periodic modulation of the exponential fit with the resultant functional form
, (2) before convolution with the Gaussian instrument function. 10 The additional cosine term in g(t) describes a damped oscillation associated with a periodic coherent motion, where A 2 is the amplitude of oscillation,  is its frequency,  is the initial phase and  d is its damping lifetime. In Eq. 2, the constant C 0 accounts for the fact that the spectrum in the 0. (solid black line) and reproduces the experimental data very well, particularly the deviation from exponential decay observed over the first few picoseconds. The corresponding beat in the ground state is not observed, presumably because of the significantly lower signal levels measured for this 25 feature as evidenced in Fig. 3 .
The extracted lifetimes for the excited state decay is 650 ± 70 fs, which correlates exceptionally well with the ground state recovery (640 ± 50 fs) and verifies that the excited state population is directly transferred to the ground state through 30 internal conversion. This highlights the utility of measuring excited and ground state dynamics simultaneously in timeresolved PES. Immediately following internal conversion, the TCNQ -in its D 0 state is vibrationally highly excited. In order to generate photoelectrons contributing to the high kinetic 35 energy feature (2.0 eV), TCNQ -must absorb two probe photons, the first of which is resonant with the D 2 state. One may expect there to be differences in the potential energy surfaces of the D 0 and D 2 states and hence, there to be a less favourable Franck-Condon overlap between these two states 40 when the D 0 state is highly excited. Although, the PES at 3.1 eV indicates that the geometries of TCNQ -in its D 0 and D 2 states are in fact quite similar, small differences in the potential energy surfaces provide an explanation for why the ground state feature does not appear to recover to its initial 45 population. We expect that, as internal vibrational relaxation occurs and energy is redistributed throughout the available vibrational modes of the molecule, the Franck-Condon overlap between the D 0 and D 2 states becomes more favourable again. As a result, a slow recovery of the ground 50 state signal at longer times may be expected.
The fit also provides insight into the nuclear dynamics of the wavepacket on the D 1 state. The wavepacket motion may be isolated from the average decay by subtracting the exponential fit component in Eq. 2 from both the experimental (open circles) and fit data (solid black line) in Fig. 4b . The resultant wavepacket dynamics are shown in Fig. 5a (open circles and red line correspond to the experimental and fit data, respectively). Positive signal indicates that there is more 70 population in the excited state relative to the population of the D 1 state if it was decaying purely exponentially. Conversely, negative signal correlates to a depletion of population relative to the exponential decay. In addition to the relative populations, we may also gain insight into the decay rate 75 relative to the average rate. This is shown by the blue line in Fig. 5a , which corresponds to the negative gradient of the oscillatory cosine component in Eq. 2, where we have omitted the convolution with the instrument function for clarity. Positive signal corresponds to an enhanced rate and negative 80 to a reduced decay rate, relative to the average rate of (650 fs) -1 . The dynamics are occurring on a multi-dimensional potential energy surface. The period of the oscillation is 1.1 ps, corresponding to a vibrational energy spacing of ~30 cm -1 .
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In principle, it may be possible to assign the oscillation frequency to specific modes of TCNQ -in the D 1 state although such an analysis is beyond the scope of this article. A schematic representation of the dynamics is presented in Fig. 5b . 90 The initial phase of the wavepacket dynamics provides some information about the relative geometry of TCNQ -at;
(1) the point where it undergoes internal conversion and (2) the ground state geometry in which the D 1 state is initially prepared. A phase of  = -1.1 radians is extracted from the fit to Eq. 2. In terms of the relative rate of relaxation, this corresponds to a reduced rate when the wavepacket is formed, 5 indicating that the Franck-Condon excitation region occurs at a geometry which differs from that required for the internal conversion to take place. However, the relative rate is also increasing (positive gradient) at t = 0, indicating that the Franck-Condon region is not precisely at the inner turning wavepacket reaches the internal conversion geometry for the first time. It is worth noting that similar wavepacket dynamics have been observed in time-resolved fluorescence up-conversion studies conducted on related tetracyanoethylene (TCNE) 40 based CT complexes in the condensed phase. 32, 33 In these studies the neutral CT complex is excited to the chargeseparated state (donor + -TCNE -) and the subsequent relaxation dynamics are monitored. A single vibrational frequency is observed which is independent of the donor molecule used in 45 the CT complexes. This observation led to the conclusion that an intramolecular mode in the TCNE alone drives the relaxation dynamics of the complex. Clearly, the isolated dynamics of acceptor molecules in CT complexes is important, and it would be of interest if similar dynamics 50 could be observed in the relaxation of TCNQ containing CT complexes.
For completeness, we also consider the reverse dynamics, which may be observed in our time-resolved experiments by changing the labels on pump and probe. In this case, we might 55 expect to observe dynamics following excitation at 3.1 eV and probing at 1.5 eV, which should reflect the dynamics of the excited D 2 state. As noted above, the D 2 state is of mixed core-and outer-excited character. When probed at 1.5 eV, the latter,  
Conclusions
In summary, we have measured the photoelectron spectrum of TCNQ -at 3.1 eV, which corroborates the prediction that the D 2 state has mixed character, provides some insight into the 
